INTRODUCTION
============

For the past two decades, the Cassini-Huygens mission to Saturn's moon Titan---the only Solar System body besides Earth with a solid surface, surface liquids, and a thick atmosphere with a pressure of about 1.45 atm at surface level ([@R1])---has transformed our understanding of the origin and evolution of the Solar System ([@R2]). This mission exposed Titan as a world with remarkable Earth-like features encompassing vast hydrocarbon lakes and seas dominated by methane (CH~4~) and ethane (C~2~H~6~) ([@R2]), along with lava-like landscapes intermixed with craters and mountains ([@R3]). Titan's active atmosphere ([@R1], [@R4]) and dynamical weather system ([@R5]) together with hydrocarbon rain cycles ([@R2]) further illuminate the similarities between Titan and Earth ([@R4]). Titan's most eminent surface topographies are vast longitudinal dunes across the equatorial deserts between 30°N and 30°S, reaching heights of nearly 100 m in Shangri-La Sand Sea ([@R6]). However, whereas Earth's extant dunes are made of silicates, optical and near-infrared images from the Cassini's Visual and Infrared Mapping Spectrometer (VIMS) instrument centered at 2.0 μm (5000 cm^−1^), 1.6 μm (6250 cm^−1^), and 1.3 μm (7692 cm^−1^) are indicative of strong proportions of dark organics of hitherto undetermined chemical composition and origin ([@R7]). With a volume of three to seven times the organics of all of Titan's seas and lakes combined, these dark dunes represent the dominating surface sink of carbon in Titan's methane cycle ([@R8]). Since these dunes also control Titan's hydrocarbon balance and climate on a planetary scale, unraveling the origin and chemical pathways needed to form the organic dune material is vital not only to eventually understand Titan's chemical evolution but also to grasp how alike the chemistries on Titan and on Earth might have been like before life emerged on Earth 3.5 million years ago ([@R8]).

Planetary scientists proposed that these organics form in the atmosphere from methane (CH~4~) and nitrogen (N~2~) via solar photon--initiated molecular mass growth processes though reaction networks involving complex sets of gas phase ion---molecule and neutral---neutral reactions ([@R9], [@R10]) of aromatic and resonantly stabilized free radicals such as phenyl (C~6~H~5~) and propargyl (C~3~H~3~), respectively, before eventually precipitating onto Titan's surface ([@R5]). However, in recent years, the hypothesis of participating atmospheric haze ([@R2]) has come under harsh scrutiny, since the material of the dark dunes in Shangri-La is defined by particle sizes of a few 100 μm ([@R6]), whereas the atmospheric aerosols are notably smaller, with diameters of only some 10 nm as established by the Synthetic Aperture Radar Imager (Cassini Orbiter) ([@R11]) and the Descent Imager/Spectral Radiometer (Huygens Lander) ([@R12]). The substantial discrepancy of these size distributions necessitates an alternative source of the dune material, implicating Titan's elusive surface chemistry ([@R13]).

Here, we show that polycyclic aromatic hydrocarbons (PAHs) such as naphthalene (C~10~H~8~) and phenanthrene (C~14~H~10~), along with its precursors (benzene, C~6~H~6~; phenylacetylene, C~6~H~5~CCH; styrene, C~6~H~5~C~2~CH~3~), can be synthesized via a cosmic ray--mediated nonequilibrium chemistry in low-temperature acetylene (C~2~H~2~) ices on Titan's surface and may act as a critical molecular feedstock to the organic dune material. Cassini's VIMS revealed the presence of solid acetylene via the 1.55-μm (6450 cm^−1^) and 4.93-μm (2030 cm^−1^) absorptions at Titan's low-albedo equatorial regions Shangri La and Fensal-Aztlan/Quivira but not in the higher-albedo equatorial area of Tui Regio ([@R14]). Since the low-albedo regions with acetylene ices match the location of Titan's dark dunes as observed by the Cassini Synthetic Aperture Radar Imager, acetylene has been suggested to be directly linked to the molecular makeup of Titan's dark dune material ([@R6], [@R15]). The cosmic ray--driven surface chemistry can efficiently convert acetylene ices over geological time scales through molecular mass growth processes via benzene and naphthalene to even more complex PAHs on Titan's surface, thus eventually furnishing the molecular building blocks not only for Titan's organic dunes but also for organics on airless bodies in general, such as on Kuiper belt objects such as Makemake, revealing red-shifted spectra due to dark organic material on its surface ([@R16]).

The experiments were conducted in an ultrahigh vacuum surface science setup at pressures of a few 10^−11^ torr by exposing ices of acetylene (C~2~H~2~) and deuterated acetylene (C~2~D~2~) to energetic electrons at 5 K. These experiments simulate the processing of acetylene ices on Titan's surface by secondary electrons, which are generated via galactic cosmic rays (GCRs) over a time of up to 104 years (see the Supplementary Materials) ([@R15]). After the irradiation, the ices were warmed up to 300 K \[temperature programmed desorption (TPD)\] to release the molecules into the gas phase. The chemical modifications of the ices and the occurrence of functional groups linked to aromatics were monitored in situ via Fourier transform infrared spectroscopy (FTIR; Nicolet 6700) and ultraviolet-visible (UV-vis) spectroscopy (Nicolet Evolution 300) (see Materials and Methods). During the TPD process, subliming molecules were ionized via vacuum UV (VUV) single-photon ionization (SPI), and individual isomers were selectively ionized by one- and two-photon resonance-enhanced multiphoton ionization (REMPI), followed by a mass-resolved detection of aromatic molecules in a reflectron time-of-flight mass spectrometer (ReTOF-MS). The exploitation of model ices---also called analog ices in the planetary science community---offers a substantiated methodology and the first step in untangling Titan's surface chemistry ([@R17]). Acetylene ices as detected in Titan's low-albedo equatorial region Shangri La were selected as a proxy to explore the proof of concept as to what extent aromatic molecules and PAHs, in particular, can be formed via interaction with ionizing radiation on Titan's surface and how these high-energy pathways define the level of molecular complexity of aromatics synthesized in these processes.

RESULTS
=======

Infrared and UV-vis spectroscopy
--------------------------------

The acetylene ices were monitored before, during, and after the irradiation via infrared (FTIR) and UV-vis spectroscopy (see Materials and Methods). In the infrared spectra of the irradiated acetylene ices, several small hydrocarbons (methane \[CH~4~\], ethane \[C~2~H~6~\], ethylene \[C~2~H~4~\], vinylacetylene \[C~4~H~4~\], and diacetylene \[C~4~H~2~\]) and critical functional groups of PAHs were identified ([Fig. 1A](#F1){ref-type="fig"} and table S1). Absorptions linked to PAHs comprise out-of-plane C─H deformation modes in substituted benzenes and aromatics \[ν~CH~ (890 to 1100 cm^−1^)\] along with aromatic CH stretching modes \[ν~CH~ (3030 cm^−1^)\] ([@R17]--[@R19]). Experiments with deuterium-labeled acetylene ices (C~2~D~2~) match the isotopic shifts determined for the out-of-plane C─H deformation \[ν~CD~ (750 to 800 cm^−1^)\] and aromatic CH stretching modes \[ν~CD~ (2265 cm^−1^)\] (fig. S1 and table S1) ([@R19]--[@R23]). These findings imply that functional groups connected with PAHs are the results of an exposure of the ices to the ionizing radiation at temperatures as low as 5 K. Similarly, UV-vis spectroscopy of the irradiated ices revealed a featureless increase of the absorption over the entire wavelength range from 190 to 1100 nm, which was most pronounced in the 190- to 400-nm region ([Fig. 1B](#F1){ref-type="fig"}). Aromatic molecules such as benzene (C~6~H~6~), phenylacetylene (C~8~H~6~), styrene (C~8~H~8~), naphthalene (C~10~H~8~), and phenanthrene (C~14~H~10~) hold strong π→π\* absorptions in this region of the electromagnetic spectrum ([Fig. 2](#F2){ref-type="fig"}) ([@R24]).

![Acetylene ice spectra before and after processing with energetic electrons.\
(**A**) FTIR spectra from 500 to 4500 cm^−**1**^ with 2600 to 3200 cm^−**1**^ magnified by 25× (left), with 800 to 1300 cm^−**1**^ magnified by 20× (right), and PAH-related features identified with asterisks (\*) (table S2). (**B**) UV-vis spectra from 190 to 1100 nm with new features at lower wavelengths appearing.](aaw5841-F1){#F1}

![UV-vis spectra from 190 to 1100 nm during TPD from 5 to 300 K.\
(**A**) Spectra from 5 to 100 K and (**B**) 100 to 300 K in the UV-vis with changes in features possibly corresponding to aromatic molecules (see main text for details). (**C**) Reference spectra from the National Institute of Standards and Technology for each of these possible contributors with experimentally determined sublimation onset temperatures noted in the legend.](aaw5841-F2){#F2}

After the irradiation phase, we carried out TPD studies where each ice was heated at a rate of 0.5 K min^−1^ to 300 K while simultaneously monitoring the ices spectroscopically. The infrared and UV-vis data both revealed changes that correlate with aromatic products formed at 5 K but not during TPD. For example, in the FTIR, a peak was observed to increase in intensity at 3030 cm^−1^ only during irradiation and then was observed to remain at constant intensity during TPD until almost 80 K, when its intensity began to decrease (fig. S2). Recall that FTIR is not selective for complex molecules and likely has multiple contributors; therefore, the initial decrease in intensity can be correlated with the sublimation of vinylacetylene (C~4~H~4~), while the remaining signal corresponds well with the sublimation event of benzene (C~6~H~6~) as detected via REMPI-ReTOF-MS. These assignments are also supported via the UV-vis spectra, which show no change in intensity of the UV-vis signal below 260 nm and only a gradual increase in intensity above 260 nm during TPD from 5 to 70 K ([Fig. 2A](#F2){ref-type="fig"}). The latter is due to a change in the phase of the acetylene ice from amorphous to crystalline, which is further corroborated by the notable change in intensity between the 70 and 80 K spectra, where the phase change of acetylene occurs ([@R25]). The UV-vis spectra after 80 K still show absorptions, and these can only be due to products; the benzene molecule has an absorption of about 195 nm ([Fig. 2C](#F2){ref-type="fig"}), and there is an increase in intensity at this wavelength after irradiation relative to the unirradiated acetylene spectrum ([Fig. 2A](#F2){ref-type="fig"}). Although the intensity at 195 nm does increase between 5 and 90 K, this can be explained via a change in absorption cross section as, similar to acetylene, benzene changes from its amorphous state to a crystalline phase at about 90 K, which results in an increase in absorption cross section in the UV-vis regime ([@R26]). This change in the cross section \[43.0 ± 0.5 megabarn (Mb), 25 K; 53 ± 0.5 Mb, 90 K\] corresponds to the change in signal intensities (0.905 ± 0.005, 5 K; 1.151 ± 0.005, 90 K), and this explanation also agrees with the FTIR data that showed no increase in benzene-related peaks during TPD (fig. S2). These assignments are further substantiated by comparing the change in, for instance, the UV-vis spectra ([Fig. 2](#F2){ref-type="fig"}) with the sublimation profile of potential aromatic molecules as determined mass spectroscopically via SPI-ReTOF-MS and REMPI-ReTOF-MS ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). For example, the 195-nm feature, potentially related to benzene (C~6~H~6~) decreases in intensity from 100 to 220 K ([Fig. 2B](#F2){ref-type="fig"}), while the ion counts at mass-to-charge ratio (*m/z*) indicative of benzene (*m/z* = 78) can be simultaneously observed from 120 to 210 K in the gas phase ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Similar correlations are readily visible for phenylacetylene (C~8~H~6~), styrene (C~8~H~8~), and naphthalene (C~10~H~8~) in the range of 190 to 295 nm and for phenanthrene (C~14~H~10~) from 260 to 380 nm over the temperature range of 220 to 280 K. However, the lack of sensitivity of FTIR and UV-vis only allows for a tentative assignment to these molecules, and other methods are necessary to uniquely identify the products.

![Temperature-dependent PI-ReTOF-MS spectra of the subliming molecules from the exposed acetylene ices.\
(**A**) SPI at 118.152 nm (10.49 eV) used to ionize most subliming molecules. (**B**) REMPI at the resonance wavelength of 258.994 nm (4.787 eV) to isomer to specifically identify benzene.](aaw5841-F3){#F3}

![Overlay of SPI (red) and REMPI (black) ion signals versus temperature for benzene, phenylacetylene, styrene, naphthalene, and phenanthrene with insets displaying the REMPI wavelength dependence.\
(**A**) *m/z* = 78 (benzene). a.u., atomic mass units. (**B**) *m/z* = 102 (phenylacetylene). (**C**) *m/z* = 104 (styrene). (**D**) *m/z* = 128 (naphthalene). (**E**) and (**F**) *m/z* = 178 (phenanthrene). Error bars indicate 20% (SD).](aaw5841-F4){#F4}

Consequently, the infrared and UV-vis analysis exposes the existence of functional groups during the irradiation of the ices such as out-of-plane C─H/C─D deformation and aromatic C─H/C─D stretching modes along with delocalized (aromatic) π-electronic systems present in (substituted) benzenes and in PAHs. Since these functional groups emerge during the irradiation, but not during the TPD phase, the aromatic molecules are synthesized at 5 K as the result of the radiation exposure but not through thermal processing of the irradiated ice. Recognizing that the fundamentals of PAHs such as naphthalene and phenanthrene fall in the same range of the electromagnetic spectrum and hence overlap, neither infrared nor UV-vis spectroscopy permits an identification of specific PAHs ([@R20]--[@R23], [@R27]). In other words, functional groups are not unique to individual PAHs and do not pinpoint any particular molecule. For that reason, complementary analytical techniques are essential to identify distinct aromatic molecules and PAHs in particular.

SPI-ReTOF-MS and REMPI-ReTOF-MS
-------------------------------

To identify discrete molecular species, we used photoionization ReTOF-MS (PI-ReTOF-MS) during the TPD phase. This approach signifies a unique method to identify gas phase molecules isomer selectively after photoionization based on their discrete ionization energies (IEs; SPI-ReTOF-MS) ([@R28]) or with the aid of distinct resonance lines (REMPI-ReTOF-MS) ([@R29]). First, exploiting a photon energy of 10.49 eV (λ = 118.152 ± 0.001 nm), we analyzed the entire range of subliming products, as hydrocarbons hold adiabatic IEs below 10.49 eV ([Fig. 3A](#F3){ref-type="fig"}). Ion signals at *m/z* = 78 (C~6~H~6~^+^), 102 (C~8~H~6~^+^), 104 (C~8~H~8~^+^), 128 (C~10~H~8~^+^), and 178 (C~14~H~10~^+^) could correspond to benzene (IE = 9.244 ± 0.001 eV), phenylacetylene (IE = 8.825 ± 0.001 eV), styrene (IE = 8.464 ± 0.001 eV), naphthalene (IE = 8.144 ± 0.001 eV), and phenanthrene (IE = 7.891 ± 0.001 eV), along with anthracene (IE = 7.439 ± 0.006 eV), respectively, since each of these molecules can be photoionized at 10.49 eV ([Fig. 4](#F4){ref-type="fig"}) ([@R24]). However, it is important to highlight that each of these aromatic molecules has multiple isomers, which can also be ionized at 10.49 eV; for instance, recent electronic structure calculations revealed the existence of 217 isomers of benzene, of which some isomers have adiabatic IEs ([@R30]). Therefore, the overlap of distinct IEs of multiple isomers complicates the assignment of individual C~6~H~6~, C~8~H~6~, C~8~H~8~, C~10~H~8~, and C~14~H~10~ isomers using SPI-ReTOF-MS.

REMPI represents an elegant tool to overcome the aforementioned limitations to ultimately identify the carriers of the ion signal at *m/z* = 78 (C~6~H~6~^+^), 102 (C~8~H~6~^+^), 104 (C~8~H~8~^+^), 128 (C~10~H~8~^+^), and 178 (C~14~H~10~^+^). Here, REMPI first accesses an excited intermediate state, which is characteristic for the individual isomer to be identified, via a resonant photon absorption followed by a second photon, which then ionizes the molecule ([@R29]). The resonance lines were experimentally determined for each aromatic molecule investigated ([Fig. 4](#F4){ref-type="fig"}). As a typical example, [Fig. 3 (A and B)](#F3){ref-type="fig"} compares the SPI-ReTOF-MS and the REMPI-ReTOF-MS obtained at 10.49 eV and via \[1+1\] REMPI at 4.787 eV for benzene (C~6~H~6~). Using SPI ([Fig. 3A](#F3){ref-type="fig"}), the molecular parent ion of vinylacetylene at *m/z* = 52 (C~4~H~4~^+^) dominates the spectrum, whereas exploitation of the \[1+1\] REMPI scheme characteristic for benzene yields maximum ion counts at *m/z* = 78 (C~6~H~6~^+^) ([Fig. 3B](#F3){ref-type="fig"}). To identify individual aromatic molecules, one-color \[1+1\] REMPI schemes are exploited, which are isomer specific for benzene (λ = 258.994 ± 0.001 nm, 4.787 eV), phenylacetylene (λ = 278.801 ± 0.001 nm, 4.447 eV), styrene (λ = 287.202 ± 0.001 nm, 4.317 eV), and naphthalene (λ = 278.600 ± 0.001 nm, 4.450 eV) ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). A comparison of the SPI and REMPI-ReTOF-MS TPD profiles recorded at *m/z* = 78 (C~6~H~6~^+^) and 102 (C~8~H~6~^+^) reveals that benzene and phenylacetylene are the major contributors ([Fig. 4, A and B](#F4){ref-type="fig"}) ([@R29], [@R31]). The differences between the SPI and REMPI sublimation profiles for *m/z* = 78 and 102 can be correlated with the ionization of additional C~6~H~6~ and C~8~H~6~ isomers using SPI, which cannot be ionized while exploiting REMPI. One-color REMPI experiments also presented compelling evidence on the formation of styrene (C~8~H~8~) ([Fig. 4C](#F4){ref-type="fig"}) and naphthalene (C~10~H~8~) ([Fig. 4D](#F4){ref-type="fig"}). Here, a detailed comparison of the SPI and REMPI data revealed that besides styrene and naphthalene, additional isomers are formed since the TPD profiles for the SPI and REMPI data only match in the low-temperature regimes covering about 140 to 200 K and 160 to 225 K for styrene and naphthalene, respectively. To probe the synthesis of phenanthrene (C~14~H~10~) and anthracene (C~14~H~10~), we used both one- and two-color REMPI schemes ([Fig. 4, E and F](#F4){ref-type="fig"}) and identified phenanthrene; anthracene could not be detected (see Materials and Methods). The two-color REMPI scheme (λ~1~ = 341.054 ± 0.001 nm, 3.635 eV; λ~2~ = 287.202 ± 0.001 nm, 4.317 eV) is isomer specific for phenanthrene, while the one-color process (λ = 282.033 ± 0.001 nm, 4.396 eV) is not isomer specific between anthracene and phenanthrene, as both isomers have an absorption in this region. However, the one-color REMPI scheme accesses a more intense resonance line of phenanthrene, relative to the two-color REMPI transition for phenanthrene and compared to anthracene's one-color REMPI transition, and therefore produces a stronger signal, but this could also have some contributions from anthracene ([@R32], [@R33]). Note that larger PAHs were also ionized and detected using \[1+1\] REMPI (λ = 258.994 ± 0.001 nm, 4.787 eV) due to their broad absorptions in this region. On the basis of the ion signals up to *m/z* = 260 ([Fig. 3B](#F3){ref-type="fig"}), pyrene (C~16~H~10~^+^, *m/z* = 202), which holds four six-membered rings, along with its isomers, is the most complex PAH synthesized in the present experiments (table S2).

In summary, the REMPI-ReTOF-MS data provide conclusive evidence on the formation and detection of five individual aromatic molecules: benzene, phenylacetylene, styrene, naphthalene, and phenanthrene. Since the photoionization cross sections of these molecules at 10.49 eV are available, we can also extract their yields and branching ratios (table S3). Here, the production yields for benzene, phenylacetylene, styrene, naphthalene, and phenanthrene were calculated to be 3.72 ± 1.30 × 10^−3^, 4.66 ± 1.63 × 10^−4^, 2.74 ± 0.96 × 10^−4^, 1.58 ± 0.55 × 10^−4^, and 1.18 ± 0.41 × 10^−5^ molecules eV^−1^, respectively ([Fig. 5](#F5){ref-type="fig"}). These yields correspond to a ratio of 314 ± 110:39 ± 14:23 ± 8:13 ± 5:1 ± 0.4 for benzene, phenylacetylene, styrene, naphthalene, and phenanthrene, respectively, with benzene being the most abundant aromatic molecule holding yields close to one order of magnitude higher than each of the remaining aromatic molecules identified. When successively adding benzene rings, the yields drop from benzene via naphthalene to phenanthrene by about one order of magnitude each, suggesting a mechanism involving a stepwise mass growth of PAHs in acetylene ices during the radiation exposure.

![Structures of PAH isomers was searched via REMPI along with their production yields.\
Error bars indicate 35% (SD).](aaw5841-F5){#F5}

DISCUSSION
==========

Having firmly ascertained that (polycyclic) aromatic hydrocarbons can be easily formed in acetylene ices upon interaction with ionizing radiation via molecular mass growth processes involving ring annulation, we are transferring our finding now from the laboratory to the "real" astrophysical environments---the surface of Saturn's moon Titan. This is critical since laboratory simulation experiments cannot replicate all chemical and physical conditions in Solar System ices simultaneously, with the ices containing diverse molecules and the GCRs interacting with Titan's surface ices with a wide range of high energies (see the Supplementary Materials). The low temperature of Titan's surface of 94 K inhibits reactions under thermal equilibrium, which have large entrance barriers (or classical activation energies). Although the overall reactions to form the three simplest aromatic species, benzene, naphthalene, and phenanthrene \[[reactions (1)](#E1){ref-type="disp-formula"} to [(3)](#E3){ref-type="disp-formula"}\], on the singlet ground-state surface are strongly exoergic by up to 583 kJ mol^−1^, a notable entrance barrier of 140 kJ mol^−1^ blocks the very first step of the reaction sequence involving two acetylene molecules leading to C~4~H~4~ reaction intermediates ([@R17]). Consequently, the synthesis of aromatic molecules from acetylene on Titan's surface cannot be initiated under thermodynamic equilibrium but must involve nonequilibrium processes, which impart sufficient energy into the transition state of the reaction to overcome the barrier to reaction. This can be achieved by transferring part of the kinetic energy of the secondary electrons to the acetylene molecule(s), leading to electronically excited acetylene such as in the a^3^B~2~ or a^3^A~u~ states, which lie 308 and 397 kJ mol^−1^ above the electronic ground state while penetrating the ices ([@R17]). Electronically excited acetylene may react with a neighboring singlet acetylene molecule to form a triplet C~4~H~4~ reaction intermediate via a barrier of only 4 kJ mol^−1^, which can be easily overcome by, for instance, vibrational energy in one of the reactants ([@R17]). Similar mechanisms highlighting the critical role of electronically excited acetylene ([@R34]) and ethylene ([@R28]) were found in the reactions with carbon monoxide (CO) leading to cyclopropenone (C~2~H~2~CO) and cyclopropanone (C~2~H~4~CO), respectively. Therefore, upon reaction of triplet C~4~H~4~ with a third acetylene molecule, triplet benzene can be formed, which undergoes facile intersystem crossing to the singlet benzene. Analogous molecular mass growth processes via electronically excited (triplet) reactants may lead even to naphthalene and phenanthrene on Titan's surface. The molecular mass growth process via ring annulation is also supported by the diminished yields of benzene to naphthalene to phenanthrene of 3.72 ± 1.30 × 10^−3^, 1.58 ± 0.55 × 10^−4^, and 1.18 ± 0.41 × 10^−5^ molecules eV^−1^, respectively, as the number of benzene rings increases from one via two to three at doses up to 3.1 ± 0.3 eV per molecule. Preliminary qualitative studies of PAHs formed by exposing acetylene ices to ionizing radiation at 10 K revealed that an increase of the dose by a factor of about 10 to 27 ± 2 eV per molecule promotes the synthesis of even more complex aromatics such as chrysene (C~18~H~12~), perylene (C~20~H~12~), pentacene (C~22~H~14~), and coronene (C~24~H~12~), carrying up to six benzene rings ([@R19]). Therefore, once a PAH is formed, the (electronically excited) PAH may gain another six-membered ring by successive reactions with two (electronically excited) acetylene molecules. These findings support the proposed reaction mechanism of a stepwise mass growth through successive ring annulation as the dose increases. The transition from benzene to naphthalene and phenanthrene ([Fig. 5](#F5){ref-type="fig"}), along with potentially higher molecular weight products (table S2), via nonequilibrium reactions likely involving excited (triplet) states of the reactants in low-temperature ices defines a critical, hitherto ignored reaction class for the build-up of complex PAHs through stepwise molecular mass growth processes on Titan's surface$$\left. 3C_{2}H_{2}(X^{1}{\Sigma_{g}}^{+})\rightarrow C_{6}H_{6}(X^{1}A_{1g}) + H_{2}(X^{1}{\Sigma_{g}}^{+})~\Delta_{R}G = - 583~\text{kJ}~\text{mol}^{- 1} \right.$$$$\left. C_{6}H_{6}(X^{1}A_{1g}) + 2C_{2}H_{2}(X^{1}{\Sigma_{g}}^{+})\rightarrow C_{10}H_{8}(X^{1}A_{g}) + H_{2}(X^{1}{\Sigma_{g}}^{+})~\Delta_{R}G = - 405~\text{kJ}~\text{mol}^{- 1} \right.$$$$\left. C_{10}H_{8}(X^{1}A_{g}) + 2C_{2}H_{2}(X^{1}{\Sigma_{g}}^{+})\rightarrow C_{14}H_{10}(X^{1}A_{1}) + H_{2}(X^{1}{\Sigma_{g}}^{+})~\Delta_{R}G = - 404~\text{kJ}~\text{mol}^{- 1} \right.$$

Last, it should be highlighted that the present studies were conducted in the condensed phase (ices) but not under single-collision conditions in the gas phase ([@R35]). Consequently, it is not achievable to determine the efficiency of each elementary step involved in the mass growth processes leading to individual aromatic molecules. This necessitates pulse-probe experiments with femtosecond (few 10-fs pulses) electron pulses penetrating the ice sample; these setups do not exist as of today. Nevertheless, we propose that the present study is a critical template to expand further investigations on the formation of aromatic structures and their molecular mass growth processes on Titan's surface via GCR-mediated nonequilibrium surface chemistry and their contribution to the dark material of Titan's dunes. Here, Titan's nitrogen-rich atmosphere also leads to the production of hydrogen cyanide, which may sequester similarly to acetylene to Titan's surface. GCR processing of hydrogen cyanide--bearing acetylene ices will couple Titan's nitrogen and hydrocarbon chemistries, likely leading to nitrogen-based PAHs (NPAHs) such as (iso)quinoline and possibly biorelevant NPAHs such as adenine (C~5~H~5~N~5~).

Summary
-------

To conclude, our experimental study identified in situ benzene, phenylacetylene, styrene, naphthalene, and phenanthrene as key aromatic reaction products formed upon interaction of ionizing radiation with low-temperature acetylene ices in an attempt to simulate the interaction of high-energy GCRs with organics on Titan's surface. Since the reactions of singlet acetylene involve substantial entrance barriers, these processes must be initiated under nonequilibrium conditions to overcome the barriers to reaction involving electronically excited molecules. The elucidated GCR-mediated pathways to aromatics reveal a facile, previously ignored synthetic route for the formation of PAHs via molecular mass growth processes through stepwise ring annulation, which may lead to even more complex PAHs such as coronene (C~24~H~12~) ([@R19]). This nonequilibrium chemistry is critical to Titan's surface chemistry considering its low temperature of only 94 K, which precludes chemical reactions of acetylene under thermal equilibrium. While most of the energy sources are absorbed by Titan's thick atmosphere, energetic GCRs are capable of penetrating through the atmosphere and depositing energy into Titan's surface. As the GCRs penetrate the surface of Titan, they produce secondary electrons that can cause chemical processing of the surface organics. Here, the processing of a model acetylene ice at 5 K with energetic electrons, which mimics the secondary electrons produced by GCRs, proves the concepts that GCRs could initiate a complex chemistry on Titan's surface. Although the temperature in the simulation experiments is lower than Titan' actual surface temperature, this proof-of-concept study provides a fundamental understanding of the nonequilibrium, temperature invariant chemical pathways available in acetylene ice that are capable of taking place on Titan. With acetylene ices identified in Titan's low-albedo equatorial regions ([@R14]) and GCR fluxes valued in the range of 6.2 × 10^8^ to 6.2 × 10^9^ eV cm^−2^ s^−1^ on Titan's surface ([@R15], [@R36], [@R37]), our simulation experiments mimic Titan's surface chemistry over a range of 10.4 to 104 years using the higher and lower bounds, respectively. Therefore, this study reveals that even over a relatively short time scale of about 104 years, PAHs as complex as phenanthrene can be synthesized on Titan's surface. Those PAHs carrying up to three benzene rings such as phenanthrene (C~14~H~10~) are colorless (white) but can undergo further molecular mass growth processes to yellowish coronene (C~24~H~12~) over 14,000 years ([@R19]) and potentially via black dicoronylene (C~48~H~20~) to graphitic type structures ([@R38]) over geological time scales of 2 × 10^8^ years and act as potential building blocks---at least in part---of Titan's dark dunes. Consequently, our simulation study implies that the GCR-triggered transformation of acetylene via benzene---the simplest aromatic molecule detected on Titan's surface ([@R39])---is one of the most fundamental processes of the context of the chemical evolution of planetary surfaces, thus defining the level of molecular complexity of aromatics synthesized in these processes. These findings ultimately change our perception that PAHs can be solely formed in the atmosphere of hydrocarbon-rich planets and their moons via hydrogen abstraction--acetylene addition ([@R40]) and hydrogen abstraction--vinylacetylene addition ([@R41]) type reactions, followed by precipitation to the surface, as believed previously not only for Titan but also for our Solar System in general.

Therefore, the facile, GCR-mediated synthesis of PAHs in low-temperature acetylene ices represents a fundamental shift from currently accepted perceptions leading to PAH formation in hydrocarbon-rich atmospheres of planets and their moons, followed by their precipitation to the ground ([@R4]). The versatile concept of PAH synthesis in acetylene ices has vital implications to the surface chemistry and interpretation of reflection spectra of airless bodies, on which either hydrocarbon ices were detected such as Makemake or which reveal areas of lower albedos proposing "dark organic surface material" of hitherto unknown origin and composition such as on Hyperion, Iapetus, and Phoebe ([@R42], [@R43]), throughout our Solar System. Cassini's VIMS observations of "dark material" on Phoebe and Iapetus revealed absorption in the spectral range of 3.0 to 3.6 μm, centered at 3.29 μm, which was assigned to C─H stretching modes of PAHs ([@R44], [@R45]). Similarly, the surfaces of Jupiter's moon Ganymede and more weakly on Callisto show evidence related to dark organics ([@R46]). In addition, the New Horizons mission revealed that Pluto's dark regions, as well as the dark areas of Charon, Nix, and Hydra, can be matched with organics related to Titan's organic inventory and have been suggested to be due to complex hydrocarbons among them PAHs ([@R47], [@R48]). Further dark organic-containing objects include the dwarf planet Ceres in its Occator region via a 3.4-μm absorption band characteristic of organics, as well as Sedna, 2006 SQ372, and 2000 OO67, which have been described as "very" or "ultra" red objects associated with dark organics produced from surface irradiation; recently, the surface of comet 67P/Churyumov-Gerasimenko was exhibited to have a darker surface than average possibly due to organic material ([@R49], [@R50]). Last, an interesting parallel to Titan is the Kuiper belt object Makemake, observed with the Keck telescope at 1.4 to 2.5 μm, revealing features related to acetylene ice on its surface and a dark surface characterized as complex hydrocarbons possibly containing aromatics ([@R16]). Obviously, on airless bodies such as Makemake, PAHs cannot originate from atmospheric precipitation, and the present findings of a GRC-triggered formation and complexation of PAHs from acetylene strongly reinforces that these dark organics are likely produced via surface processes. This effect is amplified by the detection of methane (CH~4~) ices on outer Solar System bodies, which can be easily converted by ionizing radiation to acetylene ([@R16], [@R51]--[@R53]) thus presenting a versatile, previously disregarded mechanism leading to the formation of PAHs on the hydrocarbon-rich surfaces of planets and their moons in our Solar System.

MATERIALS AND METHODS
=====================

Experimental
------------

The experiments were carried out in an UHV chamber operated at base pressures of a few 10^−11^ torr ([@R54]). A highly reflective silver mirror coated with rhodium is interfaced to a closed-cycle helium refrigerator exploiting indium foil to ensure thermal conductivity; this system is positioned inside the UHV chamber and can be rotated in the horizontal plane or translated vertically. After the substrate was cooled to 5.0 ± 0.1 K, acetylene (C~2~H~2~, \>99.9%, Airgas) was deposited onto the substrate using a glass capillary array. Traces of acetone (CH~3~COCH~3~) were eliminated quantitatively from the acetylene by using a dry ice--ethanol slush bath (200 K) to freeze only the acetone but not the acetylene. The growth of the ice was monitored online and in situ via interferometry by reflecting a HeNe laser (λ = 632.8 nm; 25-LHP-230, CVI Melles Griot) off of the silver mirror into a photodiode ([@R55], [@R56]); with a refractive index (*n*) of 1.34 for solid acetylene, the thickness was calculated to be 750 ± 60 nm ([@R25]). Similarly, isotopically labeled D2-acetylene (C~2~D~2~, 99% + D; CDN Isotopes) ices of similar thickness (780 ± 60 nm) were processed to confirm both infrared spectroscopy and MS assignments via the observed isotopic shifts. Each ice was monitored spectroscopically via an FTIR (4500 to 500 cm^−1^; resolution, 4 cm^−1^) spectrometer (Nicolet 6700) and a UV-vis (1100 to 190 nm; resolution, 4 nm) spectrometer (Nicolet Evolution 300) to probe the vibrational modes and electronic transitions, respectively, of molecules in the sample, online and in situ before, during, and after processing. Concurrently, the incident light of the UV-vis spectrometer reflected off of the rhodium-coated silver mirror at an angle of 30° and was focused onto a photodiode detector that is isolated from ambient light. Rhodium coating was critical, because in this wavelength regime, the silver substrate absorbs at 320 nm ([@R57]).

To process the acetylene ices, energetic electrons (5 keV; SPECS EQ 22/35) simulating secondary electrons formed in the track of GCRs penetrating the ice ([@R58]) were directed at 1.0 ± 0.1 cm^2^ of the acetylene ice, at an incidence angle of 70° relative to the surface normal of the mirror, for 45 min at a current of 30 nA (see the Supplementary Materials). The average penetration depth of the impinging electrons was calculated to be 370 ± 40 and 310 ± 30 into the acetylene (C~2~H~2~) and D2-acetylene (C~2~D~2~) ices, respectively, using the known density of acetylene (C~2~H~2~, ρ = 0.76 ± 0.08 g cm^−3^; C~2~D~2~, ρ = 0.89 ± 0.09 g cm^−3^) from Monte Carlo simulations via CASINO 2.42 software ([@R59]--[@R61]). Here, the electrons were calculated to deliver average doses of 3.1 ± 0.3 and 3.4 ± 0.3 eV per molecule into the acetylene (C~2~H~2~) and D2-acetylene (C~2~D~2~) ices, respectively (table S3). In addition, a control experiment under identical conditions was performed but with no irradiation of the acetylene or D2-acetylene ice. These experiments revealed that no ion peaks from nonirradiated acetylene ice with the ion signals of interest at *m/z* = 78, 102, 104, 128, or 178 were present (fig. S3).

After the irradiation phase, the ices were warmed up to 300 K at a rate of 0.5 K min^−1^ (TPD) while monitoring the ices with both FTIR and UV-vis spectroscopy simultaneously. The subliming molecules were analyzed after photoionization via the SPI-ReTOF-MS and REMPI-ReTOF-MS. SPI uses nonresonant four-wave mixing by frequency tripling the third harmonic (354.456 nm) of an Nd:YAG laser in pulsed gas jets of xenon. This results in the production of VUV light with an energy of 10.49 eV (118.152 nm). The VUV light is then separated from other wavelengths with biconvex lithium fluoride lens and focused in front of the substrate to use a single photon to ionize the subliming molecules. The ionized molecules were detected using a modified ReTOF-MS (Jordan TOF products Inc.). Here, the ReTOF-MS detects the ions via a multichannel plate within the dual chevron configuration; this signal was then amplified (Ortec 9305) and shaped using a 100-MHz discriminator. Using 4-ns bin widths and 3600 sweeps via a multichannel scaler (FAST ComTec, P7888-1 E) triggered at 30 Hz (Quantum Composers, 9518), the resulting spectra were recorded. This setup corresponds to a single mass spectrum per 1 K change in temperature of the substrate. Alternatively, one- and two-color REMPI was exploited to photoionize the subliming molecules. Here, the UV light was produced by pumping a dye laser with an Nd:YAG laser to produce visible light, which was then frequency doubled or tripled using β-barium borate crystals to produce UV photons of a well-defined wavelength (±0.001 nm). To confirm that the setup was capable of performing a REMPI analysis of individual molecules, carbon monoxide (CO) was used to calibrate the system (fig. S4). Using a one-color three-photon process \[2+1\] ([@R62]), carbon monoxide (CO) was ionized and detected in the gas phase. Here, to reach the intermediate excited level of carbon monoxide (B^1^Σ^+^, 10.78 eV), two photons were needed; the third photon ionized the excited carbon monoxide molecule. In addition, a carbon monoxide ice was prepared on the cooled substrate and subjected to TPD under same conditions as in the acetylene experiment. During sublimation, the wavelength was scanned from 230.00 to 230.15 nm to confirm the resonant wavelength needed for the most efficient ionization of carbon monoxide. Once this wavelength was determined, the experiment was repeated by subliming carbon monoxide ice but holding the REMPI wavelength constant on the maximum wavelength determined from the scan experiment (fig. S4). For the detection of benzene, phenylacetylene, styrene, naphthalene, and phenanthrene, a one-color two-photon process \[1+1\] was used. Each REMPI study was completed twice. First, the wavelength corresponding to the REMPI literature values for each molecule were scanned over to confirm the wavelength at which maximum ionization occurred (benzene, 258.994 nm; phenylacetylene, 278.801 nm; styrene, 287.202 nm; naphthalene, 278.600 nm; and phenanthrene, 282.033/341.054 nm); these data compare very well to literature values of 258.986, 278.7, 287.4, 278.6, and 282.5/341.0 nm for benzene, phenylacetylene, styrene, naphthalene, and phenanthrene, respectively ([@R29], [@R31]--[@R33], [@R63], [@R64]). Next, each REMPI experiment was repeated holding the wavelength at the maximum REMPI wavelength signal detected from the wavelength scan. Last, a two-color two-photon \[1+1\] REMPI scheme was used to confirm the presence of phenanthrene. Anthracene was searched via its S~0~→S~1~ transition, which is centered around 308 to 310 nm, but over the wavelength range of 300 to 312 nm, no signal was detected. However, anthracene may be produced in small quantities as its REMPI cross section is about two orders of magnitude less than the overall cross section for the S~0~→S~1~ transition in the REMPI scheme of phenanthrene ([@R65]).
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Fig. S3. Temperature-dependent SPI-ReTOF-MS (PI = 10.49 eV) data of the subliming molecules from unirradiated acetylene ice.
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